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Abstract
We discuss the possibility that the X(3872) can be a DD¯∗ molecular bound state in the Bethe-Salpeter equation
approach in the ladder and instantaneous approximations. We show that the DD¯∗ bound state with quantum
numbers JPC = 1++ exists. We also calculate the decay width of X(3872)→ γJ/ψ channel and compare our result
with those from previous calculations.
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I. INTRODUCTION
The X(3872) was first observed by Belle collaboration in 2003 [1], and later confirmed by CDF [2],
D0 [3], and BABAR collaborations [4]. The new results of Belle collaboration show that mX(3872) =
3871.85 ± 0.27(stat) ± 0.19(syst) MeV and the upper limit on the width of X(3872) is ΓX(3872) < 1.2
MeV [5]. So far, several decay modes of the X(3872) into J/ψπ+π−, J/ψπ+π−π0, γJψ and γψ′ have
been identified [6], which give some constraints on the quantum numbers of this state. In particular,
the decay mode X(3872) → γJ/ψ suggests the positive charge parity C = + of this resonance. The
quantum numbers of the X(3872) are determined to be JP = 1++ based on angular correlations in
X(3872) → J/ψπ+π− by LHCb collaboration [7].
In the theory aspect, the nature of the X(3872) is still a puzzle, and many theoretical models were
proposed to explain the X(3872) state. The X(3872) is analyzed as a D0D¯∗0/D¯0D∗0 bound state [8–17],
a tetraquark state [18–23], a hybrid charmonium (cc¯g gluonic hadrons) [24, 25], and a charmonium (cc¯)
[26–28], it has also been considered as a mixture of a charmonium with a D0D¯∗0/D¯0D∗0 component [29–
31]. Among the above models, the molecular state provides a plausible explanation since the X(3872)
can be identified as a weakly bound hadronic molecule which constituents are D and D∗. The reason for
this natural interpretation is that the mass of X(3872) is very close to the D0D¯∗0 threshold and hence is
in analogy to the deuteron–a weakly bound state of the proton and the neutron.
The radiative decay of the X(3872) into γJ/ψ is sensitive to its internal structure [26, 32], and this
decay channel has been studied in lots of literatures. The first observation of the X(3872) → γJ/ψ decay
mode was reported by Belle collaboration [33]. Later on, this decay mode was confirmed by the BABAR
collaboration [34] and again observed by Belle collaboration [35]. This decay mode received some early
attention and was studied in Refs. [26, 32, 36–38], assuming a charmonium state, a molecular state, or a
mixture of a molecular state with a charmonium state.
The Bethe-Salpeter (BS) equation is a formally exact equation to describe the relativistic bound state
[39–41] and has been applied to many theoretical studies concerning heavy mesons and heavy baryons
[42–50]. In this paper, we will work in the BS equation approach which can automatically include
relativistic corrections comparing with the potential model which was applied in Ref. [51] to investigate
the possible states of KK¯, DK, and BK¯ in the framework of the nonrelativistic Schro¨dinger equation
with the potential between pseudoscalar mesons being derived from the relevant Lagrangian. We will try
to investigate the possibility of X(3872) as the DD¯∗ molecular state with quantum numbers JPC = 1++.
We will also study the decay of X(3872) to γJ/ψ in this picture.
The paper is organized as follows. In Sec. II, we establish the BS equation for the bound state of a
vector meson and a pseudoscalar one. Then we discuss the interaction kernel. In Sec. III, we discuss
the normalization condition of the BS wave function and obtain the numerical results of the BS wave
2
function. In Sec. IV, the decay of the DD¯∗ bound state to γJ/ψ final state is discussed and we give
numerical results. Finally, Sec. V is devoted to summary and conclusion.
II. THE BETHE-SALPETER FORMALISM FOR DD¯∗ SYSTEM
In this section, we will review the general formalism of the BS equation and derive the BS equation for
the system D and D∗ mesons. We will also derive the normalization condition for the BS wave function.
Let us start by defining the BS wave function for the bound state |P 〉 of a vector and a pseudoscalar
mesons as the following:
χαP (x1, x2, P ) = 〈0|TD∗α(x1)D(x2)|P 〉 = e−iPXχαP (x), (1)
where D∗α(x1) and D(x2) are the field operators of the vector meson D∗ and the pseudoscalar meson
D at space coordinates x1 and x2, respectively, P denotes the total momentum of the bound state with
mass M and velocity v, and the relative coordinate x and the center-of-mass coordinate X are defined by
X = η1x1 + η2x2, x = x1 − x2, (2)
or inversely,
x1 = X + η2x, x2 = X − η1x, (3)
where ηi = mi/(m1 +m2), mi(i = 1, 2) is the mass of the i-th constituent particle. In momentum space,
the BS wave function can be defined as
χαP (x1, x2, P ) = e
−iPX
∫
d4p
(2π)4
e−ipxχαP (p), (4)
where p represents the relative momentum of the two constituents and p = η2p1 − η1p2 (or p1 = η1P + p,
p2 = η2P − p).
The BS equation for the bound state of X(3872) can be written in the following form:
χαP (p) = S
αλ(p1)
∫
d4q
(2π)4
Kλτ (P, p, q)χ
τ
P (q)S(p2), (5)
where Sαλ(p1) and S(p2) are the propagators of D
∗ and D, respectively, and Kλτ (P, p, q) is the kernel
which contains two-particle-irreducible diagrams. For convenience, we define pl(= p·v) and pµt (= pµ−plvµ)
to be the longitudinal and transverse projections of the relative momentum (p) along the bound state
momentum (P ). Then the D∗ propagator has the form
Sαβ(p1) =
−i [gαβ − (η1Mv + plv + pt)α(η1Mv + plv + pt)β/m21]
(η1M + pl)2 − w21 + iǫ
, (6)
and the propagator of D meson has the form
S(p2) =
i
(η2M − pl)2 − w22 + iǫ
, (7)
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where ω1(2) =
√
m21(2) − p2t .
In general, for DD¯∗ system, χαP (p) can be written as
χαP (p) =f1(p)ε
αβµνgµνǫβ(P ) + f2(p)ε
αβµνPµPνǫβ(P ) + f3(p)ε
αβµνpµPνǫβ(P ) + f4(p)ε
αβµνpµpνǫβ(P ),
(8)
where ǫβ(P ) represents the polarization vector of the bound state and fi(i = 1, 2, 3, 4) are Lorentz-scalar
functions. With the constraints imposed by parity and Lorentz transformations, it is easily to prove that
χαP (p) can be simplified as
χαP (p) = φP (p)ǫ
α, (9)
where the function φP (p) contains all the dynamics and is a Lorentz-scalar function of p.
As discussed in the introduction, we will study the X(3872) as an S-wave bound state of the DD¯∗
system. We use the field doublets (D∗0, D¯∗0), (D∗+,D∗−), (D0, D¯0), and (D+,D−), which correspond to
the following expansions:
D∗1 =
∫
d3p
(2π)3
√
2ED∗0
(aD∗0e
−ipx + a†
D¯∗0
eipx),
D∗2 =
∫
d3p
(2π)3
√
2ED∗±
(aD∗+e
−ipx + a†
D∗−
eipx),
D3 =
∫
d3p
(2π)3
√
2ED0
(aD0e
−ipx + a†
D¯0
eipx),
D4 =
∫
d3p
(2π)3
√
2ED±
(aD+e
−ipx + a†
D−
eipx).
(10)
Since the isospin quantum number of X(3872) is zero, if we assume that it is composed of DD¯∗, the
flavor wave function of the X(3872) can be represented as in Refs. [54, 55]
|X(3872)〉 = 1√
2
[|D¯∗0D0〉 − |D¯0D∗0〉]. (11)
Let us now project the bound states on the field operators D∗1, D
∗
2 , D3 and D4. From Eq. (10) we
have
〈0|T {D∗†i (x1)Dj(x2)}|P 〉I,I3 = Cij(I,I3)χ
(I)
P (x1, x2),
〈0|T {D†i (x1)D∗j (x2)}|P 〉I,I3 = Cij(I,I3)χ
(I)
P (x1, x2),
(12)
where Cij(I,I3) (i, j =1, 2, 3, 4) is the isospin coefficient. The coefficients C
ij
(I,I3)
for the isoscalar state are
C13(0,0) = 1/
√
2, C31(0,0) = −1/
√
2. (13)
The kernel of the BS equation for the X(3872) can be derived from the meson exchange Feynman
diagrams for the DD¯∗ system at the tree level which are shown in Fig. 1 and Fig. 2.
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D¯∗, D∗ D¯∗, D∗
D, D¯ D, D¯
FIG. 1: The direct-channel Feynman diagram for the DD¯∗ system at the tree level. The thick line
represents the vector state D∗ and D¯∗ while the thin line stands for D and D¯.
D¯∗, D∗
D¯∗, D∗D, D¯
D, D¯
FIG. 2: The cross-channel Feynman diagram for the DD¯∗ system at the tree level. Notations are the
same as in Fig. 1.
Based on the chiral symmetry [56, 63], the Lagrangians for the interactions among D(D∗) mesons and
light pseudoscalar, scalar or vector mesons are
LDD∗P = −igDD∗P(DaD∗†µb −D∗µaD†b)∂µPab,
LDD∗V = −2fDD∗Vεµναβ(∂µVν)ab[(D†a∂αD∗βb − ∂αD†aD∗βb )− (D∗β†a ∂αDb − ∂αD∗β†a Db)],
LDDσ = −2mDgσDaD†aσ, LD∗D∗σ = 2mD∗gσD∗αa D∗†αaσ,
LDDV = −igDDV(D†a∂µDb −Db∂µD†a)(Vµ)ab,
LD∗D∗V = igD∗D∗V(D∗ν†a ∂µD∗ν,b −D∗ν,b∂µD∗ν†a )(Vµ)ab + 4ifD∗D∗VD∗†µ,aD∗ν,b(∂µVν − ∂νVµ)ab,
(14)
where a, b denote the light quark flavour indices, The octet pseudoscalar P and the nonet vector V meson
matrices are defined as
P =


pi0√
2
+ η√
6
π+ K+
π− − pi0√
2
+ η√
6
K0
K− K¯0 − 2η√
6

 , (15)
and
V =


ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− K¯∗0 φ

 , (16)
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respectively, and the coupling constants are given as
gDD∗P =
2g
fpi
√
mDmD∗ , gDDV = gD∗D∗V =
βgV√
2
,
fDD∗V =
fD∗D∗V
mD∗
=
λgV√
2
, gV =
mρ
fpi
,
gσ =
gpi
2
√
6
, g = 0.59, β = 0.9,
λ = 0.56 GeV−1, fpi = 132 MeV, gpi = 3.73.
(17)
From the above observations, at the tree level, in the t-channel we have the following kernel for the
BS equation in the so-called lader approximation (see Figs. 1 and 2 for direct and crossed channels,
respectively):
K¯λτdirect(p1, p2; q2, q1;mσ) = (2π)
4δ4(q1 + q2 − p1 − p2)4g2σmD∗mD∆(k,mσ)gλτ , (18)
K¯λτcrossed(p1, p2; q2, q1;mP ) = −(2π)4δ4(q1 + q2 − p1 − p2)g2DD∗Pkλkτ∆(k,mP ), (19)
K¯λτdirect(p1, p2; q2, q1;mV ) =(2π)
4δ4(q1 + q2 − p1 − p2)
{
gD∗D∗VgDDV(p1 + q1)µ(p2 + q2)ν∆
µν(k,mV )g
λτ
+ 4fD∗D∗VgDDV
[
kλ(p2 + q2)µ∆
τµ(k,mV )− kτ (p2 + q2)ν∆λν(k,mV )
]}
,
(20)
K¯λτcrossed(p1, p2; q2, q1;mV ) =(2π)
4δ4(q1 + q2 − p1 − p2)4f2DD∗Vǫµβσλǫνργτkµkν(p1 + q2)σ(q1 + p2)γ∆βρ(k,mV ),
(21)
wheremσ, mP andmV represent the masses of the exchanged σ, pseudoscalar light meson and vector light
meson, respectively. ∆µν represents the propagator for a vector meson and ∆ represents pseudoscalar or
scalar meson propagator, and they have the following forms:
∆µν =
−i
k2 −m2V
(
gµν − kµkν
m2V
)
,
∆ =
i
k2 −m2
σ(P )
.
(22)
In order to describe the phenomena in the real world, we should include a form factor at each interacting
vertex of hadrons to include the finite-size effects of these hadrons. For the meson-exchange case, the
form factor is assumed to take the following form:
F (k) =
Λ2 −m2
Λ2 − k2 , (23)
where Λ, m and k represent the cutoff parameter, mass of the exchanged meson and momentum of the
exchanged meson, respectively.
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From Eqs. (5-7) and Eqs. (18-21), we have
φP (p) =
−i[
(η1M + pl)2 − ω21
] [
(η2M − pl)2 − ω22
]
pt · pt
∫
d4q
(2π)4
×
{
g2DD∗P(k · pt)2
3(k2 −m2η)
F 2mη (k)−
g2DD∗Pk · p1k · ptp1 · pt
3m21(k
2 −m2η)
F 2mη (k) +
g2DD∗P(k · pt)2
k2 −m2pi
F 2mpi (k)
+
4g2σm2(p1 · pt)2
m1(k2 −m2σ)
F 2mσ (k)−
4g2σm1m2pt · pt
(k2 −m2σ)
F 2mσ (k) +
gDDVgDD∗Vk · (p1 + q1)k · (p2 + q2)(p1 · pt)2
m21m
2
ω(k
2 −m2ω)
F 2mω (k)
+
gDDVgD∗D∗Vk · (p1 + q1)k · (p2 + q2)(p1 · pt)2
m21m
2
ρ(k
2 −m2ρ)
F 2mρ(k)−
g2DD∗Pk · p1k · ptp1 · pt
m21(k
2 −m2pi)
F 2mpi (k)
+
gDDVfD∗D∗Vk · ptp1 · (p2 + q2)p1 · pt
m21(k
2 −m2ω)
F 2mω(k) +
gDDVfD∗D∗Vk · ptP1 · (p2 + q2)p1 · pt
m21(k
2 −m2ρ)
F 2mρ(k)
− gDDVgD∗D∗V(p1 · pt)
2(p1 + q1) · (p2 + q2)
m21(k
2 −m2ω)
F 2mω (k)−
gDDVgD∗D∗V(p1 · pt)2(p1 + q1) · (p2 + q2)
m21(k
2 −m2ρ)
F 2mρ(k)
− 4gDDVfD∗D∗Vk · p1p1 · pt(p2 + q2) · pt
m21(k
2 −m2ω)
F 2mω (k)−
4gDDVfD∗D∗Vk · p1p1 · pt(p2 + q2) · pt
m21(k
2 −m2ρ)
F 2mρ(k)
− gDDVgD∗D∗Vk · (p1 + q1)k · (p2 + q2)p
2
t
k2 −m2ω
F 2mω (k)−
gDDVgD∗D∗Vk · (p1 + q1)k · (p2 + q2)p2t
k2 −m2ρ
F 2mρ(k)
+
gDDVgD∗D∗V(p1 + q1) · (p2 + q2)pt · pt
k2 −m2ω
F 2mω (k) +
gDDVgD∗D∗V(p1 + q1) · (p2 + q2)pt · pt
k2 −m2ρ
F 2mρ(k)
−
[
4f2DD∗V(p1 · pt)
k2 −m2ω
F 2mω (k) +
4f2DD∗V(p1 · pt)
k2 −m2ρ
F 2mρ(k)
]
×
[
k · (p1 + q2)k · (q1 + p2)p1 · pt
− k2(p1 + q2) · (q1 + p2)p1 · pt − k · (p1 + q2)k · ptp1 · (q1 + p2)− k · p1k · (q1 + p2)(p1 + q2) · pt
+ k2p1 · (q1 + p2)(p1 + p2) · pt + k · p1k · pt(p1 + q2) · (q1 + p2)
]
−
[
4f2DD∗V
k2 −m2ω
F 2mω (k) +
4f2DD∗V
k2 −m2ρ
F 2mρ(k)
]
×
[
− (p1 + q2) · (q1 + p2)(k · pt)2
+ k · (q1 + p2)(p1 + q2) · ptk · pt − k · (p1 + q2)k · (q1 + p2)pt · pt − k · (p1 + q2)k · (q1 + p2)pt · pt
+ k2(p1 + q2) · (q1 + p2)pt · pt − k2(p1 + q2) · pt(q1 + p2) · pt
]}
φP (q),
(24)
where Fmσ (k), Fmη (k) and so on represent the form factors for different exchanged mesons.
Define φ˜P (|pt|) =
∫
dpl
2pi φP (pl, pt), φ˜P (|pt|) depends only on the norm of pt, |pt|. Therefore, after
completing the azimuthal integration, the above BS equation becomes a one dimensional integral equation,
which reads
φ˜P (|pt|) =
∫
d|pt| (V1(|pt|, |qt|) + V2(|pt|, |qt|)) φ˜P (|qt|), (25)
the expressions for V1(|pt|, |qt|) and V2(|pt|, |qt|) are given in Appendix A.
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III. SOLUTION OF THE BS EQUATION FOR X(3872)
In this part, we will solve the BS equation numerically. To find out the bound state of the DD¯∗
system, one only needs to solve the homogeneous BS equation. However, when we want to calculate
physical quantities such as the decay width we have to face the problem of the normalization of the
BS wave function. In the following we will discuss the normalization of the BS wave function χP (p).
Following Ref. [41] one can write down the normalization condition as
i
∫
d4pd4q
(4π)8
χ¯α(p)
∂
∂P 0
IαβP (p, q)χβ(q) = 2P0, (26)
where P 0 = E, IαβP (p, q) = (2π)
4δ4(p−q) (Sαβ(p1,m1))−1 S−1(p2,m2). (Sαβ(p1,m1))−1 and S−1(p2,m2)
have the following form:
(
Sαβ(p1,m1)
)−1
= i
[
gαβ
(
p21 −m21
)− pα1 pβ1] , (27)
S−1(p2,m2) = −i
(
p22 −m22
)
. (28)
Inserting Eqs. (27) and (28) into Eq. (26), the normalization condition can be written in the following
form:
i
∫
d4p
(2π)4
φ¯P (p)
{
− 6η1(η1M + pl)
[
(η2M − pl)2 + p2t −m22
]
+
[−3(η1M + pl)2 − 2p2t + 3m21] 2η2(η2M − pl)}φP (q) = 2P0.
(29)
Substituting Eq. (24) into Eq. (29) and completing the azimuthal integration we have∫
d|qt|φ˜P (|qt|)2
{
V1(|pt|, |qt|)
[
6η1ω1
(
M2 + 2Mω1 + ω
2
1 − |pt|2 −m22
)
+ 2η2 (M + ω1)
(−3ω21 + 2|pt|2 + 3m21) ]+ V2(|pt|, |qt|)[− 6η1 (M + ω2) (ω22 − |pt|2 −m22)
− 2η2ω2
(−3M2 − 6Mω1 − 3ω21 + 2|pt|2 + 3m21) ]} = 2M.
(30)
It can be seen from Eq. (24) that there is one parameter in our model, the cutoff Λ, which contains the
information about the non-point interaction due to the structure of hadrons at the interaction vertices.
Although the value of Λ cannot be exactly determined and depends on the specific process, it should
be typically the scale of low-energy physics, which is about 1 GeV. In Ref. [16], Liu et al. claimed that
the bound state is not present for values of Λ < 5.8 GeV when taking into account both pion and sigma
meson-exchange potentials, where the upper value is large compared to the typical hadronic scale of Λ ≃ 1
GeV. Later, Liu et al. [17] showed that when including the exchange forces from the π, η σ, ρ and ω
mesons there exists a molecular state when Λ ∼0.55 GeV. In Ref. [53], the authors found there exists
a bound-state solution when the cutoff parameter changes from 1.1 to 1.3 GeV in the effective potential
model. In this work, we shall treat the cutoff Λ in the form factors as a parameter varying in a wider
range (0.5-4.8) GeV, in which we try to search for possible solutions of the DD¯∗ bound states.
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FIG. 3: Numerical result for the BS wave function φ˜P (|pt|) for the bound state of DD¯∗. The solid,
dashed and dotted lines correspond to Λ= 0.69 GeV, 0.83 GeV, and 0.96 GeV, respectively. The values
of φ˜P (|pt|) when |pt| = 0 are 0.516, 0.625, and 0.742 GeV−3, respectively.
Let us first solve the BS bound state equation (24) numerically. We discretize the integral equation
(24) (where we use the covariant instantaneous approximation, pl = ql) into a matrix eigenvalue equation
by the Gaussian quadrature method. For each pair of trail values of the cutoff Λ and the binding energy
Eb of the DD¯
∗ system (which is defined as Eb = E−ED−ED∗), we will obtain all the eigenvalues of this
eigenvalue equation. The eigenvalue closest to 1.0 for a pair of Λ and Eb will be selected out and called
“the trial eigenvalue”. In the study of the DD¯∗ bound state, we choose to work in the rest frame of the
bound state in which P = (M, 0), and we use M = 3872.2 MeV, MD0 = 1864.8 MeV, MD∗0 = 2006.8
MeV [64]. We find the cutoff can be 0.69-0.96 GeV in our calculation. Because Eb is very small compared
with the masses of D0 and D∗0 mesons, we find that the impact of different values of Eb is particularly
small and can be ignored. The numerical result for the BS wave function φ˜P (|pt|) for the bound state of
DD¯∗ is plotted in Fig. 3, in which the solid, dashed and dotted lines correspond to Λ = 0.69 GeV, 0.83
GeV, and 0.96 GeV, respectively. It can be seen from Fig. 3 that the numerical solutions of the BS wave
function for different values of Λ are very close to each other.
IV. THE DECAY OF X(3872) → γJ/ψ
After obtaining the BS wave function, we can calculate some physical properties of the molecular
bound state which can be measured in experiments. One of the most important properties is the decay
width. The bound state of the X(3872) system can decay to γJ/ψ via the Feynman diagrams in Fig. 4.
In the following we will write down the decay amplitude and calculate the decay width using the solution
of the one-dimensional BS equation obtained in the previous section. The effective Lagrangian for the
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D0 D∗0
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X J/ψ X J/ψ
D∗0 D0
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γ
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(a) (b)
FIG. 4: Diagrams contributing to the radiative transition X(3872) → γJ/ψ.
radiative decay X(3872) → γJ/ψ is [65] :
LD∗0D0γ =
e
4
gD∗Dγǫ
µναβFµν(x)D¯∗0αβ(x)D0(x) + h.c.,
LJψD0D0 = igJψDDJµψ(x)
(D0(x)∂µD¯0(x)− D¯0(x)∂µD0(x)) ,
LJψD∗0D∗0 = igJψD∗D∗
(
Jµνψ (x)D¯∗0µ (x)D∗0ν (x) + Jµψ(x)D¯∗0ν(x)D∗0µν(x) + Jνψ(x)D¯∗0µν(x)D∗0µ(x)
)
,
(31)
where Fµν = ∂µAν − ∂νAµ and Mµν = ∂µMν − ∂νMµ is the stress tensor of the vector mesons with
M = D∗0, Jψ (in the Lagrangian we denote J/ψ by Jψ), ǫµναβ is levi-civita symbol. In the present
calculation we will use the following values of the coupling constants [65]:
gJψDD = gJψD∗D∗ = 6.5, gD∗0D0γ = 2. (32)
The differential decay width of the bound state can be written as
dΓ =
1
32π2
|M|2 |q|
E2
dΩ, (33)
where |q| is the norm of the three-momentum of the particles in the final state in the rest of the initial
bound state. M is the Lorentz-invariant decay amplitude of the process.
According to the above interactions, the decay X(3872) → γJ/ψ induced by D∗ exchange is shown in
Fig. 4(a). We can write down the amplitude as
MD∗ = −iegD∗DγgJψD∗D∗ǫκλαβ
∫
d4p
(4π)4
F (|k|)2
[
(−ikα)(iq1κ)(iqρ2)∆γβ(k,D∗)− (−ikα)(iq1κ)(iqν2 )∆βν(k,D∗)gργ
+ (−ikα)(ikγ)(iq1κ)∆ρβ(k,D∗)− (−ikα)(ikρ)(iq1κ)∆ρβ(k,D∗) + (−ikα)(−ip2µ)(iq1κ)∆µβ(κ,D∗)gργ
− (−ikα)(−ip2γ)(iq1κ)∆ρβ(k,D∗)
]
k=q−p
ǫρ(P )ǫλ(q1)ǫγ(q2)φP (p),
(34)
where q1(q2) is the momentum of γ(Jψ) and q = η2q1 − η1q2 which is not the relative momentum of
particles in the final state (note that η1 and η2 are defined as ηi = mi/(m1 +m2), and m1 and m2 are
the masses of the component particles of the initial bound state but not the final states), ǫρ(P ), ǫλ(q1)
and ǫγ(q2) are the polarization vectors of X(3872), γ and Jψ , respectively.
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Table 1 The decay widths (in KeV) of X(3872)→ γJ/ψ in various theoretical approaches.
Ref. [26] [32] [66] [32] [65] [38] [67] [68] [69] [52] [70] Our result
ΓJ/ψγ 11.0 71-139 33 8 124.8-251.4 117 76.6 1.94-16.8 24.7 10 1.8 ×103 12.1-22.3
Similarly, the diagram for X(3872) → γJ/ψ through exchanging the D meson is shown in Fig. 4(b).
One can write the amplitude as
MD = −iegD∗DγgJψDDǫκλαβ
∫
d4p
(4π)4
F (|k|)2
[
(ikµ)(−ip1α)(iq1κ)− (−ip1α)(−ip2µ)(iq1k)
]
k=q−p
× gρβgγµ∆(k,D)ǫρ(P )ǫλ(q1)ǫγ(q2)φP (p).
(35)
In general, we can write the amplitude in the form
M =MD∗ +MD = ǫρλγτ (PτG1 + qτG2)ǫρ(P )ǫλ(q1)ǫγ(q2), (36)
where G1 and G2 are Lorentz invariant form factors.
In the calculation we stay in the rest frame of the initial bound state and hence P = (M, 0). We
use the following input parameters: MD∗0=2006.85 MeV, MD0=1864.80 MeV and MJψ=3096.90 MeV
[6]. We use the numerical solution for the BS wave function to calculate the decay width of the decay
X(3872) → γJ/ψ. We obtain the following decay width Γ when Λ = 0.69 GeV, 0.83 GeV, and 0.96 GeV,
respectively:
when Λ = 0.69 GeV, Γ(X(3872) → γJ/ψ) = 12.1 KeV,
when Λ = 0.83 GeV, Γ(X(3872) → γJ/ψ) = 15.4 KeV,
when Λ = 0.96 GeV, Γ(X(3872) → γJ/ψ) = 22.3 KeV.
(37)
The decay width of X(3872) → γJ/ψ has been studied by several groups with X(3872) in different
structures. For comparison, these results are dispalyed in Table 1 together with ours. In the table, X(3872)
are considered as a cc¯ state [26, 32, 66], a molecule state [32, 38, 65, 67], a mixture of a charmonium with
a D0D¯∗0/D¯0D∗0 component [68, 69], a tetraquark state (cc¯qq¯) [52], and a mixture of cc¯ and cc¯qq¯ state
[70], respectively.
V. SUMMARY AND CONCLUSION
In this paper, in order to investigate the structure of the observed state X(3872) with the quantum
numbers JP = 1++, we use the BS equation which has been successfully applied in many theoretical
studies concerning heavy mesons and baryons and automatically includes relativistic corrections. We
work in the picture that X(3872) is an S-wave DD¯∗ molecular bound state because it is very close to
the DD¯∗ threshold. We establish the BS equation for the system composed of a vector meson and a
pseudoscalar meson. Then we derive the BS equation for the DD¯∗ system using the kernel which is
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induced by σ, π, η, ρ and ω exchange diagrams. In our model, we have used the ladder approximation
which can considerably simplify the formalism. In addition, based on the fact that the DD¯∗ system
is very weekly bound, we have used the instantaneous approximation in the BS equation, in which the
energy exchange between the constituent particles is neglected. Since the constituent particles and the
exchanged particles in the DD¯∗ system are not pointlike, we introduce form factors including a cutoff Λ
which reflects the effects of structure of these particles. Since Λ is controlled by nonperturbative QCD
and cannot be determined at present, we let it vary in a reasonable range to find its values with which
X(3872) can be a DD¯∗ molecular bound state.
From the calculating results we find that X(3872) can be aDD¯∗ molecular bound state. Unfortunately,
we cannot determine the binding energy uniquely. The binding energy depends on the value of the cutoff
Λ. We find cutoff values for which the solutions (with the binding energy Eb ∈ (-0.01, -0.9) MeV which
effect on the BS wave function is negligible) to the X(3872) of the BS equation can be found: Λ =
0.69-0.96 GeV.
We apply the numerical solution for the BS wave function to calculate the decay width X(3872) →
J/ψγ which is induced by D and D∗ exchange diagrams. We predict that the decay width of X(3872) →
J/ψγ is in the range 12.1-22.3 KeV when Λ varies in the range 0.69-0.96 GeV.
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Appendix A: The expressions of V1(|pt|, |qt|) and V2(|pt|, |qt|)
V1(|pt|, |qt|) = −
|qt|
48|pt|ω1(M + ω1 − ω2)(M + ω1 + ω2)
{
−
48gDDVgD∗D∗V|pt|
3|qt|
(
Λ2 −m2ω
) [
Λ2 + 2
(
|pt|
2 + |qt|
2 − 2Mω1 − 2ω
2
1
)]
m2
1
[
Λ2 + (|pt| − |qt|)2
] [
Λ2 + (|pt| + |qt|)2
]
−
48gDDVgD∗D∗V|pt|
3|qt|
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Λ2 −m2ρ
) [
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2
1
)]
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[
Λ2 + (|pt| − |qt|)
2
] [
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2
]
+
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(
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)
2
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1
m2ω
ln
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)
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